Introduction
Sporotrichosis, a mycosis that affects humans and animals, is caused by different species of the hyphomycete genus Sporothrix . While the disease is classically characterized by lesions of cutaneous and subcutaneous tissues with regional lymphocutaneous dissemination, pulmonary and systemic infections may also occur [1 -3] . The primary infection is caused by traumatic inoculation of environmental material carrying fungal propagules of the etiologic agents [1 -3] . Although the relatives of Sporothrix in the fungal order Ophiostomatales are mainly associates of bark beetles on woody plants [4, 5] , the natural ecology of pathogenic species of the genus are 2009; abstr. , and only a single strain MUM 11.02 from a case of human infection in Portugal [22] . Sporothrix brasiliensis is a frequent pathogen with a regional distribution in Brazil [18, 23] . Sporothrix globosa is widespread globally, having been found in the UK, Spain, Italy, China, Japan, the USA, India, Mexico, Guatemala, and Colombia [18, 24] . The fi rst Brazilian case of human sporotrichosis caused by this species was described by Oliveira et al . [25] .
In the present study we re-examined, by molecular methods, the identifi cation of members of a large collection of isolates from sporotrichosis patients in Brazil, which were previously classifi ed as S. schenckii sensu lato ( s.l. ) on the basis of phenotypic features. We focus on the occurrence and clinical signifi cance of Sporothrix mexicana and S. globosa .
Material and methods

Fungal strains
Clinical isolates of Sporothrix schenckii s.l. from different regions of Brazil (Table 1) were collected from patients with acute, lymphocutaneous or disseminated forms of sporotrichosis and stored as slants cultures on Sabouraud Dextrose agar (SDA; Difco, Detroit, USA) at room temperature. Isolates identifi ed as S. mexicana and S. globosa were regrown on the same medium to be studied in detail. Sporothrix mexicana CBS 120341 and CBS 120342, and S. globosa CBS 120340 and FMR 8595 were used as reference [18] .
Phenotypic characterization
Sporothrix mexicana and S. globosa isolates were grown at various temperatures (30, 35, 37 and 40 ° C) on Potato Dextrose agar (PDA) medium. Petri dishes (9 cm) were centrally inoculated with portions of the colonies of the fungi, approximately 1 mm in diameter, and incubated upside down. After 21 days the colony diameters (in millimeters) were measured in two orthogonal senses, with experiments being conducted in duplicate.
Carbohydrate assimilation tests of four sugars (glucose, sucrose, raffi nose, and ribitol) were performed in 96-well microtiter plates using 150 μ l of liquid Yeast Nitrogen Base (YNB) medium (Difco, Becton-Dickinson, Sparks, MD, USA) following a protocol described previously [18] . The isolates were grown on PDA medium for 10 -14 days at room temperature and the conidia collected by adding 2 Ϫ 3 ml sterile saline solution (0.85% NaCl). The suspensions were fi ltered with sterile gauze and quantifi ed in a spectrophotometer at 520 nm. Each suspension was adjusted to an optical density of 0.21 to 0.29, which corresponded to a fi nal concentration between 2 ϫ 10 5 and 2 ϫ 10 6 CFU/ml. Each of the wells was then inoculated with 50 μ l of the suspension and YNB medium with added sugar (fi nal concentration 0.2%). YNB medium without sugar was used as negative control. Microtiter plates were read after 10 days of incubation at 25 ° C, with all experiments conducted in triplicate.
Macroscopic and microscopic features were studied by culturing isolates on PDA plates and on Corn Meal Agar (CMA, Difco) slants incubated for 10 Ϫ 12 days 30 ° C in the dark. The observed morphologies characteristics were applied to the dichotomous key to species of the S. schenckii complex [19] .
Molecular characterization
DNA was extracted and purifi ed from fungal colonies by following the Fast DNA kit protocol (MP Biomedicals, Vista, CA, USA). The calmodulin (CAL) locus region was amplifi ed directly from the genomic DNA by PCR, as described by O ' Donnell et al . [26] , using the degenerate primers CL1-GARTWCAAGGAGGCCTTCTC and CL2A-TTTTTGCATCATGAGTTGGAC, which amplifi ed an 800-bp amplicon corresponding to exons 3 through 5. For the amplifi cation and sequencing of the CAL locus from the fungus Ophiostoma stenoceras we used the primers CL2F (5 Ј -GACAAGGAYGGYGATGGT-3 Ј ) and CL2R (5 Ј -TTCTGCATCATGAGYTGSAC-3 Ј ) which amplifi ed a region corresponding to the second exon through the last exon of this gene [27] .
Amplifi ed products were gel-purifi ed with the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA), following the manufacturer ' s instructions. DNA samples were sequenced with a MegaBACE 1000 DNA Sequencer (Amersham, Sunnyvale, CA, USA) using the DYEnamic ET Dye Terminator Kit (with Thermo Sequenase II DNA Polymerase). Fragments were sequenced on both strands to increase the quality of sequence data (phred Ͼ 30). Sequence alignment was performed using the ClustalW algorithm [28] implemented in BioEdit software [29] . Retrieved alignments were manually corrected to avoid mis-paired bases. Sequences were exported as FASTA fi les for BLAST search at http:// www.ncbi.nlm.nih.gov/BLAST.
Phylogenetic analysis
CAL sequences from reference isolates of S. schenckii ( n ϭ 12), S. brasiliensis ( n ϭ 7), S. mexicana ( n ϭ 3), S. globosa ( n ϭ 17), S. pallida ( n ϭ 5), and S. luriei ( n ϭ 1) described by , Madrid et al . [24] , Dias et al . [22] , and Romeo et al . [30] were included in the analysis (Table 1) . As an outgroup, we 
Results
Fragments of 800 bp and 700 bp of the CAL locus were amplifi ed and sequenced with primers CL1 and CL2A or CL2F and CL2R, respectively. The complete alignment included 73 sequences, 27 generated in this study and 46 retrieved from previous investigation, respectively [17 -19,22,24,30] . Aligned sequences of CAL were 682 bp long, including 356 invariable characters, 240 variable parsimony-informative (35.1%), and 72 singletons. Positions containing gaps and missing data were eliminated. The 73 sequences were distributed into seven main groups, six of which were detected in previous studies [17 -19,24,30] . The fi rst four clades included the pathogenic species S. brasiliensis (Clade I), S. schenckii (Clade II), S. globosa (Clade III) and S. luriei (Clade VI). The environmental clade comprised the saprophytic species S. mexicana (Clade IV) and S. pallida (Clade V). The species O. stenoceras represented a separate clade, statistically supported (99% bootstrap), distinct from clades of the pathogenic (clades I -III and VI) and saprophytic (clades IV and V) species of Sporothrix evaluated in this study (Fig. 1) .
Using the phenotypic key features for Sporothrix species differentiation [18, 19] and the partial CAL sequences, we identifi ed three Brazilian isolates of S. mexicana (Ss131, Ss132, Ss133) and three isolates of S. globosa (Ss06, Ss41, Ss49) among the strains analyzed. Isolates Ss06, Ss41, and Ss49 clustered with S. globosa reference strains in clade III, whereas isolates Ss131, Ss132, and Ss133 clustered with S. mexicana reference strains from clade IV, with both clades supported by high bootstrap values.
A GenBank search using the CAL sequence as a query revealed that our three S. globosa isolates showed a 99 -100% identity with the CAL sequences of the type strain of S. globosa (AM116904.1). Carbohydrate assimilation tests revealed that all S. globosa isolates assimilated sucrose, glucose, and ribitol, but not raffi nose. Similar macroscopic and microscopic morphologies were observed among our three S. globosa (Fig. 2(A), 2(B) ) and the S. globosa reference strains, CBS 120340 and FMR 8595.
BLAST searches of the Brazilian S. mexicana isolates showed a 100% match with the CAL sequence of the type strain of this species (GenBank AM398393.1). Among the six isolates which have been classifi ed as S. mexicana up to now, only two CAL haplotypes (Hd ϭ 0.33) were found with low nucleotide diversity (pi ϭ 0.001). The fi rst haplotype included the isolates Ss131, Ss132, Ss133, CBS 120341 and CBS 120342 from South and North America, while the European isolate MUM 11.02 constituted a second haplotype. Brazilian isolates were obtained from human cases of sporotrichosis, i.e., isolate Ss132, deposited in 1977, from a patient in the southern region of Brazil, and two isolates were obtained from patients who lived in northeastern Brazil (Ss131, deposited in 1958, and Ss133, deposited in 1955 raffi nose, while the other two isolates showed patterns identical to those of the reference strains. All S. mexicana strains were positive for sucrose and ribitol. Macroscopic and microscopic morphologies of all isolates were in agreement with those of S. mexicana reference strains, CBS 120341 and CBS 120342 (Fig. 2(C), 2(D) ). The main phenotypic features of S. mexicana and S. globosa isolates are described in Table 2 .
Discussion
Recently, Sporothrix globosa has been recovered from clinical specimens in Europe, America, and Asia [18, 24, 25] and this species demonstrated low virulence in animal models [33] . Sporothrix brasiliensis has been described as an emerging species, highly pathogenic to humans and animals and with a regional distribution in Brazil [16, 18, 23, 33] . A clinical isolate of S. luriei was described in Africa [19] and a second human case was histopathologically diagnosed in India without the recovery of the etiologic agent [34] . A third report of S. luriei involving a case of canine sporotrichosis was described in Brazil
[35] and has been found to be pathogenic in a murine model [36] . However, no environmental isolates have been described in the literature. Sporothrix schenckii s. str. has a wide geographical distribution being identifi ed with certainty in the Americas (USA, Brazil, Peru, Argentina, Venezuela, Colombia, Bolivia, Guatemala, Mexico), Europe (France, Italy, UK), Africa (South Africa), and Asia (Japan) [18, 23, 24, 30] . Due to the lack of studies using the new proposed taxonomy it is diffi cult to establish new areas in which it occurs. S. schenckii s.str. and S. brasiliensis are considered to have a higher virulence potential for humans [33] than other species in the complex. Thus, frequency, distribution and virulence of Sporothrix species vary dramatically among species (Table 1) . The three clinical S. mexicana isolates included in our study were discovered in fungal collections where they had been maintained as ' S. schenckii ' since 1955, suggesting that it has been present in Brazil for a long time. Unfortunately, we were unable to retrieve detailed clinical data. According to de Meyer et al . [20] and Marimon et al . [18] , S. mexicana is a saprophytic soil-borne species and Arrillaga-Moncrieff et al . [33] reported that it showed low or no virulence in an animal model. The species has been reported to have restricted growth at 37 ° C [18] . In general, environmental species of the genus Sporothrix tend to grow poorly at temperatures above 30 ° C [37] .
The three S. globosa isolates identifi ed in our collection were more recent in origin having been recovered from human cases of sporotrichosis in 2002 and 2004. The fi rst human case of sporotrichosis due to S. globosa in Brazil was recently described by Oliveira et al . [23] . However, Marimon et al . [18] and Madrid et al . [24] reported clinical strains from Spain, UK, Japan, Italy, the USA, India, Colombia, Guatemala and Mexico, but clinical details were lacking.
For the most part, the morphological and physiological features of our three S. globosa isolates matched those in the original description of the species [18] . However, we found some phenotypic variations concerning the Brazilian S. mexicana isolates identifi ed in this study. The discrepancies included growth rates on PDA at 30 ° C and the carbohydrate assimilation profi le. Isolate Ss133 presented an atypical physiological profi le in that it was unable to assimilate raffi nose as the sole source of carbon. Following the dichotomous key proposed by Marimon et al . [19] , isolate Ss133 would have been identifi ed as S. schenckii or S. globosa . On the other hand, this isolate did not show a radial growth of more than 50 mm at 21 days of incubation at 30 ° C, which is considered an important phenotypic characteristic for the differentiation of S. mexicana . These results may indicate a phenotypic variability among isolates of S. mexicana . Given these morphological and physiological divergences, the CAL sequence data are considered to be more reliable for identifi cation of Sporothrix species.
We found concordance between the results of our phylogenetic analysis and those of previously published studies [17 -19,24,30] . The Maximum Likelihood analysis revealed seven major clades, all statistically supported with high bootstrap values. According to Marimon et al . [18] , clades I -III are composed of clinical isolates of Sporothrix , whereas clades IV and V represent the environmental isolates. Clade VI consists of S. luriei isolate ATCC 18616 [19] . Despite its low incidence, the dimorphic fungus S. mexicana can be considered pathogenic for humans. Marimon et al . [38] demonstrated that this species is resistant to the antifungals itraconazole, posaconazole, voriconazole and amphotericin B, while S. brasiliensis showed the best response to these antifungals. The occurrence of S. mexicana in South America and the global distribution of S. globosa , as well as their differential virulence are of importance in understanding their prevalence and possible routes of infection.
In the present study we included in our phylogenetic analysis CAL sequences from the saprophytic fungus O. stenoceras . For a long time, environmental strains of this species were considered to be the sexual stage of S. schenckii [37,39 -41] . However, de Beer et al . [42] using internal transcribed spacer (ITS) region sequences reported that this anamorph-teleomorph connection was erroneous. We confi rmed, using CAL sequences from a large set of pathogenic and environmental species belonging to the S. schenckii complex, that the fungus O. stenoceras (producing a Sporothrix anamorph in culture) is indeed distinct from S. brasiliensis , S. schenckii , S. globosa , S. mexicana and S. pallida . At the moment, the question of the teleomorph of the pathogenic species of the Sporothrix schenckii complex remains an enigma.
